A simultaneous inversion of earthquake relocation and three-dimensional crustal structure of P-wave velocity in central-western China (21°N~36°N, 98°E~112°E) were performed in this paper. The crustal P-wave velocity model and earthquake relocation for this region are obtained using P g and S g phase readings of 9 988 earthquakes from 1992 to 1999 recorded at 193 seismic stations within central-western China by SPHYPIT90 and SPHREL3D90 programs. A lateral inhomogeneous structure of P-wave velocity in this region was obtained. Obvious contrast of P-wave velocities was revealed on both sides of active fault zones. Relocated epicenters of 6 459 events show clear lineation along active faults, which indicated a close correlation between seismicity and the active faults in this region. Focal depths of 82% relocated events ranged from 0 to 20 km, which is in good agreement with that from double-difference earthquake location algorithm.
Introduction
Understanding the mechanism of continental earthquakes is very important for seismic hazard prevention and earthquake prediction. The modern seismotectonic theory and the idea of earthquake prediction are developed mainly from the studies on interplate earthquakes, which are difficult to explain the phenomena of intraplate earthquakes, such as the continental earthquakes occurred in Chinese mainland. While the interplate earthquakes occurred along the plate boundaries, the intraplate earthquakes distribute diffusely in the interior of the plates. Thus the features and mechanism of intraplate earthquakes, such as the tectonic setting and the interaction between the tectonic stresses in the deep and shallow crust are more complex than that of the interplate earthquakes. Investigating intraplate earthquakes related to deformation and movement in the interior of the plates is most important for understanding the mechanism of intraplate earthquakes. Thus an accurate location of earthquakes in a corresponding scale is needed to describe the features of deformation and movements and to explore the relationships between the faults and the occurrence of intraplate earthquakes.
The crustal structure model and the hypocenters with a high accuracy can be achieved by the simultaneous inversion (Aki, Lee, 1976; Roecker, 1982; Roecker, et al, 1987 Roecker, et al, , 1993 . In the past three decades, large amounts of earthquake data recorded by the regional and local seismic networks in China have been accumulated. Using these data, the studies on the 3-D crustal structures in central-western China were carried out and valuable information was obtained (LIU, 1984 , LIU, et al, 1989a LIU, et al, 1989; ZHAO, ZHANG, 1987; ZHAO, et al, 1997; SUN, et al, 1991; LIU, et al, 1993; HUANG, et al, 2001; WANG, et al, 2002) , but most of these studies mainly focused on the seismic wave velocity structure rather than the earthquake relocation.
For the routine earthquake location, the potentials of these data have not been fully exploited and the seismic wave velocity structure model of these regions remains to be improved. Therefore, it is particularly important for locating the events occurred on the boundaries of inter-provinces, where is usually the boundaries of earthquake detection threshold of regional seismic networks.
In the study, we use the seismic phase data from Yunnan, Sichuan, Guangxi, Shaanxi regional seismic networks and from National Seismic Network of China for the simultaneous inversion of crustal structure and earthquake relocation. The studied region, 21° to 36°N and 98° to 112°E, covers not only the areas with complex tectonics and high seismicity, such as Yunnan-Sichuan area in the southwestern part of China, but also those with low seismicity, such as the eastern parts of Yunnan and Sichuan Provinces, Guangxi Province and Shaanxi Province. The whole studied region is roughly divided into the two parts with distinct difference in seismicities, i.e, the western and eastern parts bounded by the longitude of 104°E.
A 3-D velocity model of the studied region in the depth from 0 to 50 km was obtained through the inversion, which showed a close correlation between the complex tectonic setting and the seismic wave velocity structure. The relocated hypocentral parameters of 6 459 events showed a clear relationship between the active faults and the seismicities in the studied region.
Seismotectonic setting and seismicity in the studied region
Central-western China refers to the region extending roughly from 21°N to 36°N and 98°E to 112°E (Figure 1 ). The seismotectonic structures and seismicity in the region are complex because of the collision between the Indian and Eurasian plates. The southwestern part is Sichuan-Yunnan region where several major active faults exist, such as Honghe fault (Red River fault) (F 1 in Figure  1 ), Xiaojiang fault (F 2 in Figure 1 ), Xianshuihe fault (F 3 in Figure 1 ) and Jinshajiang fault (F 4 in Figure 1 ). These faults constitute a rhomb-like block (KAN, et al, 1977) , known as Sichuan-Yunnan rhomb-like block in the region. Along its boundaries, the level of both seismicity and tectonic activity has been relatively high and major earthquakes have occurred historically and recently. Along the Honghe fault, the annual rate of slip is about 4 to 6 mm/a and 7 to 9 mm/a on the northern and southern segments of the fault, respectively (GUO, et al, 1984; SU, QIN, 2001) . Historically, strong earthquakes occurred frequently along the Honghe fault. Among the most important historical events, there were M=7 Dali earthquake occurred in 1925 and the M=7 Midu earthquake occurred in 1652. Along the Xiaojiang fault, the annual rate of slip since Quaternary is about 6.4 to 8.8 mm/a (SU, QIN, 2001; LI, 1993) and several strong earthquakes, such as the M=8 Songming earthquake in 1833 and the M=6.5 Dongchuan earthquake in 1966 have occurred.
Along the Xianshuihe fault, the annual rate of slip since Quaternary is about 8 to 15 mm/a (SU, QIN, 2001) , the slip in the middle and northern segments is about 14 to 15 mm/a (WEN, 1995) and in the southern segment of the fault is about 7 to 10 mm/a (LI, 1993; WEN, 1995) . Historically, a series of large earthquakes, such as the M=7 Kangding earthquake in 1786 and the M S =7.7 Luhuo earthquake in 1973 took place along the fault.
Outside Sichuan-Yunnan rhomb-like block, in the northeastern part of the studied region, there is Longmenshan fault (F5 in Figure 1 There are several seismic active regions outside the mentioned above Sichuan-Yunnan rhomb-like block, such as Tengchong-Longling seismic belt (R 1 in Figure 1 ) where two large earthquakes of M S =7.3 and 7.4 occurred in 1976; Gengma-Lancang seismic belt (R 2 in Figure 1 ) where two large earthquakes of M S =7.6 and 7.2 occurred in 1988 (JIANG, 1993) . Inside the rhomb-like block, there are Lijiang seismic belt (R 3 in Figure 1 ) where a large earthquake of M S =7.0 occurred in 1996 (Western Yunnan Earthquake Prediction Experiment Site, 1998); Yongsheng-Ninglang seismic belt (R 4 in Figure 1 ) where a historical event of M=7.8 and a moderate earthquake of M S =6.4 occurred in 1515 and 2001, respectively; Tonghai-Shiping seismic belt (R 5 in Figure 1 ) where a strong earthquake of M S =7.7 occurred in 1970. We can say that Sichuan-Yunnan region is an intraplate region with the most complex tectonic structures and the highest level of seismicity.
In contrast, in the eastern part of the studied region, the seismicty is very low. In its northeastern part, the Northern Qinling fault (F 6 in Figure 1 ) separates the southern Shaanxi region from Sichuan-Yunnan region. The earthquakes in Shaanxi region mainly occurred along the Weihe fault (F 7 in Figure 1 ). Guangxi region is located in the southeastern part of the studied region and it has a low seismicity in general. However, there exists an area with the relatively high level of seismicity in the region, which is not clearly related to any of the major active faults, such as Baise-Hepu fault (F 8 in Figure 1 ).
For better understanding of the seismicity in relation with the complex seismotectonic environment in central-western China, we relocate the earthquakes occurred in the region during the period from 1992 to 1999. The relocated earthquakes are also used to estimate the thickness of the seismogenic layer in central-western China.
Method and data
According to the non-linear least-squares inversion formula of Tarantola and Valette (1982) , Roecker (1982) , Roecker, et al (1987 Roecker, et al ( , 1993 developed an inversion program, SPHYPIT90, which can be used for tomography with the travel time data of seismic phases. The relation between the seismic phases and the seismic wave velocity structure model can be written as
where, d is the travel time vector, p is the model vector. Equation (1) is a non-linear relation between d and p. A least square solution can be obtained by the iteration algorithm for the linearized formula from Tayler expansion. To determine the estimation of p at the (k+1)th iteration p k+1 , the following formula is used.
where, p 0 is the initial estimation of the model vector p, p k is the estimation of p at the kth iteration, G k is the m×n matrix of partial derivations, C dd is a priori data covariance matrix, C PP is a priori model covariance matrix, g(p k ) is the expected travel times from the model.
By each iteration, SPHYPIT90 solves for the perturbation p k+1 −p k , thus a new model is obtained. Then, a relocation of earthquakes can be done by running another program named SPHREL3D90 under this new model, so the relocated hypocenters under the new model can be obtained. After classifying the relocated events by their qualities and deleting the events with high residuals, a calculation process of model inversion and earthquake relocation is completed. The relocated hypocenters will be used for the next model inversion. This iteration process is repeated until the residuals satisfy the conditions of convergence.
3-D inversion
A 3-D P-wave velocity structure and the relocation of earthquakes in central-western China have been obtained using the technique and program mentioned above in the paper.
Data
In the paper, we used P g and S g readings of 9 988 events recorded at 193 stations in the studied region (21°~36°N, 98°~112°E) during the period from 1992 to 1999. A total number of 193 stations including 62 stations in Yunnan, 69 stations in Sichuan, 16 stations in Shaanxi and 18 stations in Guangxi seismic networks and 28 stations in the National Seismic Network of China were used for the inversion in the study. By selection, only the events with more 4 seismic phase data were used in the inversion, so that the data include 76 385 pieces of P g readings and 71 200 of S g readings (Figure 2 ).
Initial P-wave velocity model and grids of medium
The studied region is one of the most complex seismotectonic areas in China. Based on the previous studies on the seismic wave velocity structures in the region (KAN, LIN, 1986; XIONG, et al, 1986 XIONG, et al, , 1993 ZHAO, ZHANG, 1987; ZHAO, et al, 1997; LIU, et al, 1989; SUN, et al, 1991; YIN, XIONG, 1992; LIN, et al, 1993; LIU, et al, 1993; WANG, et al, 2002; HUANG, et al, 2001) , we established an initial 1-D P-wave velocity model. Because the study focused not only on the P-wave velocity structure but also on the earthquake relocation, we divided the studied region into 8 layers with different seismic wave velocities (Table 1) , which were in more details within 30 km, so that the effects from the lateral heterogeneity of transmitting medium on the earthquake relocation can be minimized. Based on the 8 layers in the vertical direction, grids were divided by 1°×1° in the horizontal direction, so that 2 176 small blocks were made. The number of rays hitting each block was from 0 to 6 887. In the inversion, only the blocks with the ray numbers ≥8 were used, which were 1 398 blocks about 64% (Table 2 ) of the total. 
3-D inversion and earthquake relocation
In the inversion of P-wave velocity structure by SPHYPIT90 program, a re-weighting scheme was adopted according to the epicentral distances and the residuals of last iteration to modify the model. In order to reduce the residuals from the data of tele-epicentral distance, we reduced the weights of data with the epicentral distance farther than 400 km, and at the same time, reduced the weights of data with the residuals more than 5 s. The earthquake relocation based on the modified model was made iteratively. In the earthquake relocation, we adopted the following convergence criteria: 1 The maximum change of residuals is less than 1% of that in the last iteration; 2 The deviation of residuals reaches the minimum; 3 The iteration number reaches 8.
The relocated resolutions are classified and the data well constrained will be served for the next iteration. The conditions are: 1 The condition number <100; 2 RMS<2 s; 3 The changes of hypocenter ≤10 km; 4 The standard deviation of hypocentral changes ≤10 km; 5 The total changes of hypocenter (the final hypocenter and the initial hypocenter before the inversion) ≤50 km.
After modifying the model and relocating the earthquakes, we have obtained the new hypocenters of 6 459 events in the studied region. The relocated hypocenters of earthquakes show a clear seismicity pattern, the implication of which will be discussed in the following sections in the paper.
Resolutions
Because of the non-uniform coverage of rays, some small blocks were only hit by a few rays with poor resolutions. For example, for P-waves at 16 km depth, 113 out of 272 blocks had the resolution ≥0.5 and 94 blocks had the resolution ≥0.8. We considered that the blocks with the resolution ≥0.5 are well resolved (Figure 3) . 
Results

3-D P-wave velocity structure and earthquake relocation in central-western China
The 3-D P-wave velocity structure at the depths of 12, 16, 20 and 30 km and the corresponding resolutions were shown in Figure 4 . We can see the obvious lateral inhomogeneity in the section of different depths. Some major faults in the studied region can be found as the boundaries of the lateral changes of P-wave velocities. In Figure 4 , in the 12 km-depth section of Longmenshan fault (F 5 in Figure 1) , the P-wave velocity in the eastern part are relatively lower than that in the western part; on the opposite, in the sections with 16, 20 and 30 km depths of Longmenshan fault, the P-wave velocity in the eastern part are relatively higher than that in the western part. Obviously, Longmenshan fault is a boundary of P-wave velocity contrast between both sides of the fault zone. A similar feature can be observed along the Honghe fault (F 1 in Figure 1 ). In the 12 km-depth section of Honghe fault, the P-wave velocity in the southern part are relatively higher than that in the northern part ( Figure 4) ; in the sections with 16, 20 and 30 km depths of Honghe fault, the P-wave velocity in the southern part are relatively lower than that in the northern part. A similar feature can also be found along Xianshuihe fault and Xiaojiang fault (F 3 and F 2 in Figure  1 ). As mentioned above, Sichuan-Yunnan region is one of the most active regions of intraplate seismicity. The previous studies indicated that most earthquakes occurred along a transition zone with anomalous seismic wave velocity (LIU, et al, 1989; SUN, et al, 1991; LIU, et al, 1993; HUANG, et al, 2001; WANG, et al, 2002) . The results from the simultaneous inversion in this study indicate that the regional active fault zones are usually the boundaries of the transition zones.
After the inversion of the model and the earthquake relocation, 6 459 events with high accuracy were obtained. The average residuals decreased from 1.12 s to 0.26 s, the root-mean-squared (RMS) residuals decreased from 1.87 s to 0.88 s, and the standard deviation decreased from 1.67 s to 0.70 s. The average deviations of relocated hypocentral parameters, i.e., the origin time, epicentral longitude, latitude and focal depth, decreased from 0.49 s, 2.86 km， 2.39 km, 3.37 km to 0.13 s, 0.60 km, 0.55 km and 1.37 km, respectively. The standard deviation of origin times decreased to the same level as that of the reading errors, indicating the iteration of model is appropriate in this study. Comparing with the original hypocenters, the relocated epicentral distribution shows a more definitive feature, which is closely related to the active faults in the region. Therefore, the two main conclusions can be drawn from the simultaneous inversion for the studied region in this study: 1 Most regional active fault zones can be the boundaries of the lateral changes of P-wave velocity; 2 The relocated epicenters show a very clear linear distribution along the regional active faults. These results indicate that the occurrences of the intraplate earthquakes in the studied region are closely related to the motions of the regional active faults, which are driven by the movements of the blocks in a larger scale in the studied region and its surroundings.
Features of seismicity in central-western China
We can summarize the features of the relocated epicentral distribution as follows.
1) The relocated epicenters show a clear linear distribution along the active faults in the studied region ( Figure 5 ). Before the relocation, the correlation between the epicentral distribution and the active faults in the region is vague. For example, along Xianshuihe fault (F 3 in Figure 1 ), Xiaojiang fault (F 2 in Figure 1 ) of Sichuan-Yunnan rhomb-like block, the linear distribution of seismicity is better consistent with the active faults than before. This feature can also be identified on Longmenshan fault (F 5 in Figure 1 ), Gengma-Lancang fault (R 2 in Figure 1 ) located outside Sichuan-Yunnan rhomb-like block. The lineation can also be found along Songpan seismic belt (R 7 in Figure 1) , where the epicenters distribute in the N-S direction with a bending at about latitude 33°N toward northwest. The relocated seismicity shows a close relationship between the seismicity and the active faults in the region. The relocated hypocenters with a high accuracy have provided an observation evidence for the determination of continental active blocks and their boundaries.
2) After the relocation, the extents of seismic belts are more defined. For example, along Lijiang seismic belt (R 3 in Figure 1 ) located in Sichuan-Yunnan rhomb-like block, the relocated epicenters show a clear N-S extension with a smaller dimension than before. Similar distribution can also be found along the seismic belts outside the rhomb-like block, such as Leibo-Mabian seismic belt (R 6 in Figure 1 ) and so on. The relocated results have provided a constraint for earthquake prevention and seismic hazard assessment in the region.
3) Before the relocation, the initial focal depths of 51% events used in this study were not given in the routine earthquake locations. After the relocation, the focal depths are determined for a total number of 6 459 events. Considering the focal depth distribution before and the after relocation, respectively, there are 82% and 82% of the total events located in the depth range of 0 to 20 km; 37% and 52% of the total events located in the depth range of 0 to 10 km; 66% and 71% of the total events located in the depth range of 0 to 15 km ( Figure 6 ). This distribution clearly indicates that the relocated focal depths in the studied region are shallower than those adopted by many authors before the relocation. It must be pointed out that more than two thousand events have been given the focal depths for the first time by this relocation. A histogram of focal depth distribution is given in Figure 6 . Comparing with the incomplete data of focal depths reported by the routine location, the relocated focal depths are distinctly shallower than that reported by the routine location before. The conclusion is consistent with that obtained by the authors of the paper from a relocation work for the region using almost the same data sets (YANG, et al, 2003) . A study of earthquake relocation for the same region was made using the double-difference earthquake location algorithm (Waldhauser, Ellsworth, 2000) by the authors of the paper. The relocated hypocenters showed a very clear lineation along the active faults, which implies a close correlation between the seismicity and the active faults in the studied region (YANG, et al, 2003) . The relationship between the transition zone in P-wave velocity structure and the active faults was obtained by the simultaneous inversion in this paper, as well as the relationship between the seis-micity and the active faults for the studied region. Thus, the consistent conclusions by both the relative and absolute relocations were obtained. It indicated that the continental earthquakes in central-western China are the results of the regional tectonic movements, which appeared along the active faults with high seismicity.
Discussion and conclusions
The crustal P-wave velocity structure and earthquake relocation have been inverted simultaneously using P g and S g readings of 9 988 earthquakes recorded at 193 stations in central-western China (21°~36°N, 98°~112°E) during the period from 1992 to 1999 in the paper. The inversion has revealed the lateral inhomogeneity of crustal P-wave velocity structure. And the regional active faults are usually the boundaries for this seismic velocity contrast. The relocated hypocenters of 6 459 events have revealed the characteristics of shallower focal depths and closer spatial distribution of earthquakes along the regional faults in the studied region. These results have shown a clear relationship between the regional seismicity and the regional active faults. This is the first time to obtain the relocated hypocenters in such a large area. These characteristics have provided very important observation data and constraint for understanding crustal movements and deformation, transition between the schizosphere and the plastosphere, estimating depth and thickness of the seismogenic layer, determining crustal structural blocks and their boundaries.
